Abstract Ion mobility-mass spectrometry is starting to be considered as a useful tool in the deconvolution of complex oil and petroleum samples. While ultrahigh resolution mass spectrometry is the incumbent technology in this field, ion mobility offers complementary information related to species size and shape, and also the ability to resolve structural isomers. In this work, a sample of the resins portion of the Saturates, Aromatics, Resins, and Asphaltenes (SARA) fractions of crude oil was analysed using an orthogonal acceleration quadrupole time-of-flight mass spectrometer (oa-QToF MS) that incorporates a travelling wave ion mobility spectrometry (TWIMS) region. The ion mobility data were compared with previously acquired ultrahigh resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) data and various nitrogen containing families were identified. Ion mobility data were processed in the typical way for the oil and petroleum industry; and the use of high resolution exact mass coupled with mobility data to provide enhanced species resolution was examined. Double bond equivalence (DBE) and carbon number groups were identified using patterns in the ion mobility data, which demonstrated the utility of ion mobility for discovering species relationships within the crude oil sample. The ability to calibrate the ion mobility cell and generate sizes for the detected ions was also recognised as potentially having particular value for the implementation of conversion or hydrotreatment processes in the oil industry.
Introduction
The challenges presented by the compositional analysis of crude oil and petroleum-related samples were recognised as far back as the 1950s [1] and 1960s [2] . The extreme complexity of typical samples in this field requires analytical instrumentation that employ strategies to deconvolute this level of complexity. Meeting these analytical challenges has evolved into a state-ofthe-art science dubbed petroleomics [3] [4] [5] [6] [7] -the comprehensive characterisation of oil and petroleum samples. Several different data visualisation techniques are used to display and interact with oil and petroleum data, an example of which is the Kendrick plot [8] [9] [10] . These plots represent graphical heat maps of key information related to compound classes within the sample of interest. Typically, bespoke software is used to plot m/z on the x-axis and Kendrick mass defect (a value related to a species' nominal mass and its exact mass defect) on the y-axis. The m/z values correspond to carbon number, or degree of alkylation; the Kendrick mass defect values correspond to double bond equivalence (DBE), or degree of aromaticity. This type of data visualisation provides valuable information to chemists and engineers who analyse and evaluate crude oils.
Currently, one of the key tools for today's analytical chemists working in this field is Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) [11] , due to its ultrahigh mass resolving capabilities [12] . Crude oil contains many isobaric species that differ in mass, in some cases, by less than 10 mDa [5, 13] . The bulk of the components in oil comprise hydrocarbon species, some of which incorporate heteroatoms, resulting in the possibility of having many different species occurring at each nominal mass. Hence, the application of high and ultrahigh mass resolution to the challenge can bring benefits, and help to characterise and understand the complex sample.
Utilising ultrahigh mass resolution is just one way of approaching the challenges of complex mixture analysis. However, this cannot address the separation of species that are truly isomeric-of which there are potentially many in crude oil-related samples. In addition, FT-ICR MS has, like any analytical technique, some limitations-such as the timescale for data acquisitions, which can be prohibitively long in some circumstances. FT-ICR MS instruments are very expensive, and there is the chance of encountering ion discrimination due to charge effects within the ion cloud formed in the instrument. Ideally, the analysis of complex mixtures, like crude oil and related samples, would be accomplished using a range of complementary analytical tools. One such complementary tool is ion mobility spectrometry (IMS), which, when coupled with mass spectrometry (MS), offers an orthogonal separation technique based on the mass, size, shape, and charge of the components in the sample. The shape of a molecule can lead to its stereochemistry, and hence the utilisation of IMS-MS offers new possibilities for the optimisation (via kinetic modelling) of crude oil conversion and hydrotreatment processes. For example, the efficiency of catalytic processing can depend upon the degree to which the components of the feedstock interact with the active phase of the catalyst as they pass through the catalyst's pores. An understanding of both the catalyst porosity and the molecular size distribution within the feedstock potentially offers important information for the design and development of new catalysts.
The development and utilisation of ion mobility-mass spectrometry (IMS-MS) has proceeded apace since its inception in the early 1960s by E. W. McDaniel-described by some as "the father of ion mobility-mass spectrometry" [14] . Ion mobility is a well established technique, and ion mobility instrumentation can take several forms, comprehensive descriptions of which may be found in the text by Eiceman and Karpas [15] . One more recently developed manifestation of ion mobility is Travelling Wave Ion Mobility Spectrometry (TWIMS), which uses sequential DC pulses across a series of ring electrodes to bring about the ion mobility separation [16] [17] [18] [19] [20] .
Ion mobility has found use in a diverse range of applications covering many fields of scientific research. A large proportion of applications relate to the life sciences, such as the analysis of proteins and peptides [17, [21] [22] [23] , or saccharides and related molecules [24] [25] [26] [27] , and has proved particularly useful for investigating structural isomers [28, 29] . Other selected applications include the analysis of chemical warfare agents [30, 31] , pesticides [32, 33] , explosives [34] , and the analysis of drugs-both pharmaceutical [35] [36] [37] and illicit [38] . The applicability of IMS to chiral separation has also been demonstrated [39] , and it has found particular utility in polymer analysis [40] [41] [42] [43] [44] . Significantly, there has been growing interest in the use of IMS in oil and petroleum analysis [45] [46] [47] to assist in the deconvolution of complex samples and provide additional component resolution. In this work we consider some examples of how IMS can be utilised in addressing the challenges faced in crude oil and petroleum analysis; along with complementary information that can be gained in relation to size distribution of species within samples, with reference to how this could be significant in catalyst design and development.
Experimental

Instrumentation and data handling
The FT-ICR MS analyses were carried out using a 7 Tesla LTQ FT Ultra (Thermo, Bremen, Germany) equipped with the Ion Max ESI ion source-henceforth referred to as FT MS. The travelling wave ion mobility separation was carried out using a SYNAPT G2 HDMS mass spectrometer (Waters Corporation, Manchester, UK), which has a quadrupole/travelling wave ion mobility/time-of-flight geometry with electrospray ionisation-henceforth referred to as TWIMS MS (Fig. 1) .
The ion mobility region of the mass spectrometer comprises three sequential travelling wave regions, together known as a Triwave (Fig. 2) . The structure and operating principles of the Triwave and travelling wave ion mobility have been described in detail elsewhere [16, 17, 19] . However, in brief, ions pass from the quadrupole and enter into a trapping area, where they are gated and released into the mobility drift region in packets. The mobility region is typically filled with nitrogen gas, and the ions first pass through a helium cell at the front of the mobility region-the helium cell is on the left side of the IMS section in Fig. 2 . This helium cell increases the efficiency of transmission of ions into the mobility region and kinetically cools the ions to reduce any possible fragmentation that may occur as they pass into this higher pressure region. In the IMS region, ions are separated according to their mobilities using travelling waves and then exit into a third t-wave section that transfers the separated ions into the time-of-flight analyser. Each travelling wave section utilises a stacked-ring ion guide, across which a repeat sequence of pulsed voltages is applied. The ions, effectively, "surf" on the wave front of these voltages, and are transported through the instrument. Importantly, in the ion mobility region, the less mobile ions are overtaken by the wave more often than the more mobile ions -thus effecting mobility separation of the ions.
Use of TWIMS MS for calculating collision cross sections (CCS) relies upon accurate calibration of the travelling wave mobility cell [37, 48, 49] . This was carried out using polyalanine solution, ensuring that exactly identical instrument settings were used for the calibration acquisition as were used for acquisition of analyte data. Calibration of the mobility cell is required to ensure that drift times measured with TWIMS and nitrogen as the mobility gas can be related to absolute size measurements obtained from drift tube ion mobility instruments with helium as the mobility gas. Calibrations using previously measured species, such as polyalanine used in this work, have been demonstrated to generate accurate absolute size measurements from TWIMS instruments [50] . In addition, calibration of the ToF MS was carried out using sodium formate solution prior to the analyses. Mass accuracy of each acquisition was further ensured by implementation of an external lockmass: leucine enkephalin, 556.2771m/z for positive ion mode. The analyses were carried out with a typical mass resolving power for the ToF of~30000 at 400m/z (full width at half-maximum of the peak height).
The ion mobility and ToF MS experimental conditions were as follows: trap collision energy (CE), 4.0 V; transfer CE, 0.0 V; argon trap/transfer collision gas flow, 2.5 mL/min; helium cell gas flow, 180 mL/min; nitrogen IMS gas flow, 110 mL/min; resulting IMS cell pressure, 3.5 mbar; IMS travelling wave height/velocity, 40.0 V/1200 m/s; ToF acquisition mass range, 100-1000m/z. The electrospray ion sourcespecific conditions were: capillary voltage, 3.8 kV; sample cone, 30 V; source temperature, 120°C; desolvation temperature, 250°C; nitrogen cone gas flow, 20 L/Hr, nitrogen desolvation gas flow, 400 L/Hr. Solutions of the resin sample were introduced into the ESI source via direct infusion at a flow rate of 10 μL/min; no chromatographic separations were used. Total acquisition time: 5 min.
Instrument control and data acquisition were carried out using MassLynx v4.1 (Waters Corporation, Milford, MA, USA); ion mobility data were viewed and processed in ion mobility-specific software, DriftScope v2.2 (Waters Corporation, Manchester, UK). Lists of detected mass and ion mobility peaks can be exported from DriftScope in various file formats, for use with other software packages. In this work, ion mobility peak detection lists were exported in Excel spreadsheet format for import into bespoke, inhouse Kendrick plot software at IFP Energies nouvelles (IFPEN) (Lyon, France). FT MS analyses were carried out with a resolving power of 100 000 FWHM at 400m/z with the following experimental conditions: acquisition mass range 100-1000 m/z; automatic gain control (AGC) enabled; ICR ion target, 1×10 5 ; mass spectra averaging (μscans), 128. ESI ion source settings were set as follows: source voltage, 3.8 kV; nitrogen sheath gas flow rate, 6 (Arb. Unit); nitrogen aux gas, 2; capillary voltage, 20 V; tube lens voltage, 100 V; capillary temperature, 250°C; syringe pump flow rate, 5 μL/min. Instrument control and data acquisition were carried out using respectively LTQ Ultra 2.5.5 (Thermo, Bremen Germany) and Qual Browser 2.0.7 from the Xcalibur suite (Thermo, Bremen, Germany). Automatic data treatment was performed with in-house Kendrick plot software at IFPEN [10] .
Sample preparation
All solvents, of HPLC grade or better, were purchased from Sigma Aldrich (Dorset, UK) and used without further purification. A sample of the resins portion of the Saturates, Aromatics, Resins, and Asphaltenes (SARA) fraction of crude oil obtained from the Nigerian Egina oil field was provided by IFPEN. Portions of this sample were dissolved in 1:1 toluene: methanol with 0.1 % formic acid, for analysis by FT MS. Calmix (Caffeine, MRFA peptide and Ultramark), used as the external lockmass for FT MS, was purchased from Sigma Aldrich (St Quentin Fallavier, France). The resins sample was dissolved in 1:1 toluene:methanol for analysis by TWIMS MS. Sodium formate and polyalanine, used for instrument calibration, and leucine enkephalin, used as the external lockmass for TWIMS MS, were each purchased from Sigma Aldrich (Dorset, UK).
Results & discussion
Solutions of the Egina resin sample were analysed as described in the Experimental section. Figure 3 shows a typical ToF MS spectrum for the resin sample, along with the corresponding two dimensional drift time versus m/z image, expanded to cover the range 100-500m/z-the mass range in which the majority of ions can be found. A peak detection algorithm has been applied to the data to help distinguish both mass resolved and mobility resolved species. The Fig. 3 Typical two dimensional drift time versus m/z mobility image and spectrum for Egina resin sample acquired using TWIMS MS. a peak detected 2D mobility image, b peak detected mass spectrum application of threshold values to detected peaks in the mobility image helped to visualise clear patterns and groups, or series, of related species, as shown in Fig. 4 . It was observed that the mobility separated ions show very ordered distributions along both short diagonals, where the significant mass difference is 2 Da-corresponding to a 2H change (circled in Fig. 4) ; and long diagonals, where the significant mass difference is 14 Da-corresponding to a CH 2 unit change (highlighted by lines in Fig. 4) . These patterns bear a strong resemblance to the types of ordered information seen in many tools used to visualise and evaluate crude oil data, for example, Kendrick plots.
Patterns within the ion mobility data were explored further by using, in the first instance, the acquired masses and intensities without considering the mobility separation. A detected peak list, with a low detection threshold to ensure full coverage, was exported from DriftScope in CSV file format. These data were transformed into Kendrick plots using in-house software at IFPEN. This software enabled the automatic selection and identification of a family (ions with the same heteroatomic composition) with the exact mass measurement only. In a first attempt, a mass tolerance of 5 ppm was set. Figure 5 illustrates the Kendrick plot for a nitrogen-containing family, generated using TWIMS MS data. While the Kendrick plot generated using these data looks broadly similar to Kendrick plots generated from FT MS data (Fig. 6) , it was noticed that, in some places, the lines are less straight than those seen in Kendrick plots generated from FT MS data-for example in the region circled in Fig. 5 . This could be due to the complexity of Fig. 4 The two dimensional drift time versus m/z mobility image for an Egina resin sample shows a high degree of order within both the short and long diagonals Fig. 5 Spectrum of a nitrogen-containing group in the resin sample with the associated Kendrick plot generated from TWIMS MS data. A region where the lines are less straight than those seen with FT MS data is circled on the Kendrick plot the sample which created unresolved interferences and less accurate mass measurements when using a QToF MS compared with the very high mass resolution achievable with an FT MS. The data were then reviewed to evaluate how the limitations of comparatively lower mass resolution may be overcome by inclusion of the ion mobility data points. It was observed that species that belong to the same heteroatom family do not only have sequences of recognisable mass Fig. 6 Kendrick plot of a nitrogen-containing group in the resin sample generated from FT MS data Fig. 7 A plot of drift time versus m/z showing three different DBE series for one particular nitrogen-containing family. Consideration of the ion mobility data helped to isolate an incorrectly assigned ion when selection was based on mass-to-charge ratio alone differences, such as that corresponding to CH 2 for carbon number series, or H 2 for double bond equivalence (DBE), but also appear to lie along straight lines within the mobility images. This is presumed to be due to the fact that, typically in ion mobility acquisitions, incremental changes in structure produce similar incremental changes in drift times in a linear fashion, based on previous experimental observations.
Various nitrogen-containing series were identified within the peak list exported from DriftScope, by comparing the acquired QToF MS masses with those previously acquired using FT MS (data not shown here). One such nitrogencontaining family was then isolated and plotted as drift time against mass-to-charge ratio, for various series with DBE of 0-12 and carbon numbers 13-40. Figure 7 shows three of the DBE series for this nitrogen-containing family, which correlate with the long diagonals in the mobility image. The difference between the long diagonal lines correspond to the mass difference for -H 2 , or an increase of one double bond, moving down the plot towards the x-axis. Interestingly, inclusion of the mobility data enabled the discovery of an incorrect assignment of a member of the DBE = 1 series that occurred when selection was based on mass alone. In the centre of the plot, the ion 400.3767m/z was selected by the software as being a member of the DBE = 1 series, based on its acquired mass-to-charge ratio. However, when this ion was plotted with its drift time it was clear that this ion was not a member of the DBE = 1 series because it did not fall on the long diagonal for DBE = 1. In fact, the ion 400.3772m/z is the correct member of the series as its ion lies exactly at the expected drift time for a member of the DBE = 1 series.
A similar analysis was also done for carbon number. Figure 8 shows the same nitrogen-containing family plotted as drift time against mass-to-charge ratio, coloured to highlight the carbon number series along the short diagonal lines. In this case, the difference between related series corresponds to the mass of a CH 2 unit, and increasing carbon number moving upwards and to the right along the plot. Also shown in Fig. 8 is a further illustration of an erroneous assignment of a series member for the C 28 series. In this example, the ion mobility information, once again, helped to overcome the selection of an incorrect ion based on its mass-to-charge ratio alone. It appears that all the required information for the generation of a Kendrick plot was contained inside the ion mobility drift time plot. Moreover, thanks to the drift time measurement, it was possible to compensate for the lower resolution and mass accuracy of TWIMS in comparison with FT MS.
In addition, application of the polyalanine ion mobility calibration to the data set enabled a detailed evaluation of the size, or CCS, of the species of interest. Measurement of the size distribution across different heteroatom series of interest is unique information which is unobtainable by MS alone. It could prove extremely valuable in decision making related to novel catalyst design. The catalysts used Fig. 8 The A plot of drift time versus m/z showing carbon number series for one particular nitrogen-containing family. Both an incorrectly assigned ion (circled in red) and the calculated sizes, based on measured collision cross sections, of certain components of the data are also shown during different stages of oil processing are of vital importance in ensuring the quality of the products generated from crude oil [51] . The catalyst structures and porosity can be theoretically modelled, and can be studied using techniques such as 3-Dimensional Transmission Electron Microscopy (3D-TEM) [52] . This allows the calculation of the catalyst's pore size which are ranged in three categories after observations from unpublished experimental TEM measurements: (i) the micro porosity for diameters below 2 nm, (ii) the meso porosity for diameters from 2 nm to 50 nm and (iii) the macro porosity for diameters above 50 nm (from unpublished experimental measurements). If the absolute sizes of species that are required to be removed by catalytic processing are known, then catalyst pore sizes can be more precisely engineered to ensure the most efficient analyte-catalyst interactions by minimizing the diffusional limitations. The CCS information in Fig. 8 shows that as the carbon number increases the drift time gets longer, and hence the sizes of the species also increase-as would be expected with increasing carbon number. Furthermore, as the DBE, or aromaticity, of the species increase the drift times decrease-so a more aromatic species is more compact, thus giving an absolute measurement of the decrease in size as the species become increasingly aromatic. The analysis of Egina resins (Fig. 8) showed a C 36 molecule with a CCS of 175 Å 2 . Assuming that the molecule's shape is a disk, it corresponds to a diameter of 0.7 nm which is far below the micro porosity. Use of this approach enables the mapping of sizes for related species and classes of compounds within crude oil and similar samples. TWIMS was of considerable interest as it allowed the generation of a Kendrick plot enriched by the information of the molecular size.
Conclusion
The applicability and potential benefits of using ion mobility-mass spectrometry for the analysis of oil and petroleum samples has been examined. The resins portion of the SARA fractions of a Nigerian crude oil was used as a representative sample for analysis. When the ion mobility data were reviewed, clear, regular patterns were observed that were analogous to the patterns seen in typical graphical displays of crude oil data, such as Kendrick plots. The high resolution exact mass data from the SYNAPT HDMS instrument were used to generate Kendrick plots; however, the lower mass resolution compared with FT-ICR MS data resulted in less accurate plots. The inclusion of ion mobility information enabled the identification of several incorrect assignments of ions, which only became apparent when both mass and drift time were taken into consideration. This demonstrated the effectiveness of using ion mobility data to aid in isolating and identifying important groups, or families, of related species within the data.
Calibration of the TWIMS region of the instrument using polyalanine allowed the calculation of the sizes of species within the sample. The implementation of ion mobility is the only way in which detailed information about the sizes and shapes of individual components of oil and petroleum samples can be obtained, while also obtaining mass to charge ratios and ion intensities when ion mobility is coupled with mass spectrometry. The value of knowledge about size distribution in oil and petroleum samples was recognised-particularly in relation to catalyst development. Ion mobility-mass spectrometry was found to offer useful, complementary information to that typically generated in the analysis of crude oil samples using FT-ICR MS. Ion mobility is, potentially, a powerful tool for future analyses in the oil and petroleum industry; and further work will examine its applicability in analysing other significant components of crude oil samples, such as asphaltenes and naphthenic acids.
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